SUMMARY To study left ventricular (LV) diastolic function of the heart in relation to blood pressure (BP) and other signs of hypertensive cardiac and peripheral vascular changes, isovolumic relaxation time and early diastolic filling were determined in four BP groups of untreated 49-year-old men: normotensive subjects (n = 20), men with borderline hypertension (n = 30), mild hypertension (n = 45), and moderate to severe hypertension (n = 24). Isovolumic relaxation time, measured as the distance between aortic closure (A 2 , phonocardiography) and mitral valve opening (echocardiography), and early diastolic filling, measured as the distance between mitral valve opening and the O point of the apexcardiogram, tended to increase with BP level, and the total interval from aortic closure to the O point (A 2 O interval) was significantly prolonged in the two groups with mild and moderate to severe hypertension. A prolonged A 2 O interval (>117% of expected value at observed heart rate) was seen in several hypertensives, who had no obvious increase in LV wall thickness on M mode echocardiography. This suggests that a prolonged LV relaxation time may be an early sign of cardiac involvement in primary hypertension. In the group with moderate to severe hypertension, an increase in LV wall thickness was seen together with an increase in resistance at maximal dilation in the calf. This supports the theory that when changes in cardiac structure develop they occur in parallel with structural changes also in the periphery. (Hypertension 6: 329-338, 1984) KEY WORDS • primary hypertension • left ventricular relaxation time • wall thickness • structural vascular changes I N recent years it has been recognized that disturbances in diastolic function of the heart are as important components of left ventricular (LV) dysfunction as an impaired inotropic state. Diastolic abnormalities of the LV have been demonstrated in ischemic heart disease, dilated and hypertrophic cardiomyopathies, and LV hypertrophy.
I
N recent years it has been recognized that disturbances in diastolic function of the heart are as important components of left ventricular (LV) dysfunction as an impaired inotropic state. Diastolic abnormalities of the LV have been demonstrated in ischemic heart disease, dilated and hypertrophic cardiomyopathies, and LV hypertrophy.
1 " 7 The development of reliable indices of LV relaxation and filling allows us today to study noninvasively the diastolic function of the heart in asymptomatic patients. Such studies have revealed disturbances of LV relaxation and filling in patients with mild hypertension. This suggests that these diastolic abnormalities may be characteristic of early hypertensive heart disease. 7 "
In the present study, the period of LV relaxation and early filling was determined in 119 middle-aged men and covered a wide blood pressure (BP) range to elucidate whether impairment of diastolic function is an early indicator of cardiac involvement in essential hypertension and to study the dependence of LV relaxation time on changes in LV wall thickness and some other pertinent variables. The investigation was further aimed at studying how cardiac structural changes are related to signs of increased resistance in peripheral vascular beds.
Subjects and Methods Study Population
We recruited a study population of untreated men with BP varying from very low to very high levels by inviting every second 49-year-old man (born in 1926-1927) who lived in Goteborg to participate in a BP screening; we obtained their names and addresses from the County Census Bureau in Goteborg. At screening, untreated men were randomly selected according to criteria based on casual diastolic BP: 1) all men with 115 mm Hg or above; 2) every sixth man with 105-114 mm Hg; 3) every 15th man with 95-104 mm Hg; and 4) every 30th man with 94 mm Hg or below. In all, VOL 6, No 3, MAY-JUNE 1984 2376 men were screened (74.1% of the 3205 men invited to attend for examination). Of these, 143 men fulfilled the selection criteria; 15 declined to participate in further examinations, and eight were excluded because of diseases such as recent myocardial infarction (one), valvular heart disease (four), severe alcoholism (one), chronic glomerulonephritis (one), and cerebrovascular disease (one).
For the study there remained 120 men aged 49 years. Examinations included both noninvasive investigation of cardiac function and determination of kidney function and metabolic and hormonal variables, partly reported elsewhere.
l0~12 One normotensive man with extreme bradycardia, with a heart rate of 35 bpm, was excluded from the analysis of cardiac function. All subjects with raised BP levels were judged to have primary hypertension by a diagnostic work-up. 11 None had ever had antihypertensive therapy. All were free from previous or current clinically overt cardiovascular disease.
After initial screening and a later diagnostic workup in the hypertension unit, the 119 men were divided into four BP groups. The normotensive group constituted 20 men with a diastoiic BP below 95 mm Hg at screening and a diastoiic BP below 90 mm Hg recorded in the hypertension unit (mean of the recordings at three different visits). The borderline hypertensive group included 30 men who had a diastoiic BP between 90 and 95 mm Hg in the hypertension unit or a diastoiic BP below 90 mm Hg but a diastoiic BP at screening 95 mm Hg or above. The mild hypertensive group included 45 men with a diastoiic BP between 95 and 105 mm Hg in the hypertension unit. The moderate to severe hypertensive group was formed from 24 subjects with a diastoiic BP greater than 105 mm Hg in the hypertension unit. At screening, only one of these subjects had a diastoiic BP below 115 mm Hg (112 mm Hg). In each of the three hypertensive groups, two subgroups were created based on measurements of the interval between the aortic component of the second heart sound and the O point of the apexcardiogram (A 2 O; see section below on Heart Measurements). Subgroup A included subjects with a normal A 2 O interval (A 2 O-% < 117%), and Subgroup B included subjects with a prolonged A 2 O interval (A,O-% s 117%). This was done since one of the aims of this investigation was to study what factors could be of importance for an abnormal LV relaxation time. 
Study Protocol Blood Pressure Measurements
The BP was measured in the right arm with a cuff 12 cm wide and 30 cm broad. Diastoiic BP was registered as Phase 5 (disappearance of Korotkoff sounds). Casual BP at screening was measured in the seated position with a mercury manometer and stethoscope. The same technique, but after 5 minutes of supine rest, was used for recording BP in the hypertension unit on three different occasions. In the laboratory, resting BP was recorded phonographically immediately after registration of the apexcardiogram. 11 The phonographic technique was also used for recording BP after 3 minutes of sustained handgrip at 30% of the predetermined maximal grip strength, which followed the recording of resting BP. The discrepancy between the BPs recorded during screening and in the hypertension unit with those recorded in connection with the noninvasive heart investigation was marked in all four BP groups, and the percentage decrease in BP between the two former recording situations and the latter situation was similar in all four groups. The BP recorded during the noninvasive heart investigation was nearly identical with that recorded during the studies of kidney function. 10 
Heart Measurements
The heart investigations, which were part of a 2-day examination of cardiac and kidney function, were carried out within 1 month of screening and before antihypertensive therapy had been instituted. The same routine was followed with each man -that is, recording of conventional ECG and corrected orthogonal ECG (Frank), phonocardiography, carotid pulse tracing, apexcardiography, and echocardiography. Detailed descriptions of these methods and recording and analyzing techniques have been given elsewhere. 7 n -
l4
The following measurements were made from simultaneous recordings of the apexcardiogram, phonocardiogram, and ECG lead II: 1) the interval from the top of the R wave in ECG lead II to the beginning of the aortic component of the second heart sound in the phonocardiogram (RA 2 ); 2) the "a" wave percentage amplitude of the total deflection (H) of the apexcardiogram (a/H ratio, which if above 15% was considered abnormal, and an index of reduced LV distensibility 7 " "); and 3) the interval between the aortic component of the second heart sound and the O point of the apexcardiogram (A 2 O). Since the A 2 O interval can be expected to vary with heart rate, this interval was also expressed as a percentage of the expected value at the observed heart rate (A 2 O-% defined as "LV relaxation time index") with the use of the regression equation: A 2 O expected = 179 -0.815 x heart rate observed. This regression equation was derived from control material of 34 normotensive (screening diastoiic BP < 95 mm Hg) 49-or 50-year-old men without clinically overt cardiovascular disease.
7 l3 The mean value for A 2 O-% in this group was thus 100%, the standard deviation was 8.5%, and an abnormal A 2 O-% was defined as being greater than 117%, that is, a value above two standard deviations from the mean in the control group. In seven subjects, an apexcardiogram could not be obtained. In a further five subjects, a welldefined O point was lacking and the A 2 O interval could not be accurately defined.
Echocardiograms of satisfactory technical quality were obtained in 108 subjects, and the following measurements and calculations were made:
1. The LV diastoiic diameter (LVD d ), interventricular septal (IVS) thickness, and posterior wall (LVPW) thickness were all measured at the peak of the D1ASTOL1C FUNCTION OF THE HEART/Hartford et al.
R wave on the electrocardiogram (lead II). The systolic diameter (LVD S ) was measured as the shortest distance between the septum and the posterior wall. Measurements were always made from the leading edge of each echo. From measurements of LV wall thickness and LV diameter, it is possible to calculate the total muscle mass of the LV.
14 To test the reliability of the echocardiographic measurements, three different measurement sites were used for calculation of LV mass: the top of the R wave on the ECG, the P wave before the atrial contraction, and the point of shortest distance between the septum and the posterior wall in systole. The correlations between these three calculations of LV mass in the four BP groups were excellent, and the mean values for LV mass at the three measurement sites were almost identical ( Table 1 ). The result of this analysis implies that the measurements of LV wall thickness and LV diameter were reliable. The drawbacks and advantages of measurement of wall thickness and volumes from M mode echocardiography have been discussed elsewhere. 16 2. The interval from the peak of the R wave to the point of mitral valve opening (RM O ) was measured. The point of mitral valve opening could be defined in 96 subjects. Normotensive and hypertensive subjects were examined in random order, and the recordings were made and read without knowledge of the subjects' BP. Duplicate registrations and calculations of the A 2 O interval, a/H ratio, and phonographic systolic BP and diastolic BP were carried out to analyze recording and observer variations. The result from the first recording was not known when the second recording was performed and analyzed. The r values were between 0.88 and0.96. 17 
Vascular Resistance in the Calf
Resistance at maximal dilation (PRU^) in the calf, which indicates the degree of structural vascular changes, was obtained by venous occlusion plethysmography as described by Andersson et al. 18 
Renal Vascular Resistance
Renal vascular resistance (mm Hg x min/liter) was calculated from renal plasma flow determined as paminohippurate clearance, hematocrit, and BP. 10 
Statistical Methods
All statistics were handled by Minitab on a PDP 11/ 34 computer (University Park, Pennsylvania). The hypothesis of no differences in means between two samples was tested with Student's t test if n > 10 in both groups, otherwise with the Mann Whitney U-test. The hypothesis of no differences in proportions between two groups was tested in a fourfold table analysis. Only two-tailed tests were used, and differences were considered significant for p values of 0.05 or less.
Results
Mean values and standard deviations for all variables studied are given in Tables 2 and 3 .
The Four Blood Pressure Groups Blood Pressure, Heart Rate, Left Ventricular Wall Thickness, Left Ventricular Diameters, and alH Ratio
The BP differed significantly between each of the four BP groups in all four situations in which the BP was recorded (p < 0.05-0.001, Table 2 ). The IVS, IVS + LVPW, and a/H ratio were significantly increased in the group with moderate to severe hypertension as compared to the normotensive subjects (p < 0.05 and/? < 0.001). 
Vascular Resistance
All three hypertensive groups had significantly higher renal vascular resistance than the normotensive group (p < 0.01-0.001), but no significant differences in resistance were registered at maximal dilation in the calf (Table 2) .
A 2 O Interval
The mean length of the A 2 O interval and A 2 O-% increased successively with rising BP (Figure 1 ). There was no significant difference in heart rate between the four BP groups. The A,0 interval was shortest among the normotensive subjects (129 ± 16 msec, A 2 O-% = 100 ± 9.9%) and longest in the group with moderate to severe hypertension (150 ± 22 msec, A 2 O-% = 119 ± 16.6%). In the moderate to severe group and also in the mild hypertensive group, the A 2 O interval and A 2 O-% were significantly longer (p < 0.01 andp < 0.001) than in the normotensive group. The proportion of subjects with A,O-% greater than 117% increased with BP level; increases were 6% in the normotensive group and 17%, 33%, and 65% in the three hypertensive groups (65% vs 6%, p < 0.001). For the two components of the A 2 O interval ( Figure 2 and Table 2 ), no significant differences in length were found between the four BP groups, although both components showed a tendency to increase with rising BP. 
A 2 O-% in Relation to Blood Pressure, Left Ventricular Diameters, and Left Ventricular Wall Thickness in the Three Hypertensive Groups
The BP, as recorded in connection with the apical tracing and LV diameters in diastole and systole, was not significantly correlated with the A 2 O-% in any of the three hypertensive groups. In the moderate to severe hypertensive group, there was a significant correlation between the A 2 O-% and LVPW (n = 21, r = 0.67, p < 0.001). The corresponding r values in the borderline and mild hypertensive groups were r = -0.03 and r = 0.04 (NS).
Subgroups A and B with Borderline and Mild Hypertension
Besides the A 2 O interval and A 2 O-%, no significant differences were found in any variables between Subgroups A and B within the borderline and mild hypertensive groups (Table 3) . FIGURE 
Recording of the mural valve echocardiogram, apexcardiogram, andphonocardiogram that illustrates the A-,0 interval and its nm components, A 2 M O (isovolumic relaxation time) and M ( ,0 (early filling period, see Methods).

Subgroups A and B with Moderate to Severe Hypertension
Blood Pressure, Heart Rate, Left Ventricular Wall Thickness, Left Ventricular Diameters, and a/H Ratio
The BPs tended to be higher in Subgroup B than in Subgroup A, but only diastolic BP during isometric exercise differed significantly between the subgroups (p < 0.05, Table 3 ). The IVS, LVPW, and IVS + LVPW were significantly increased in Subgroup B compared to Subgroup A, as was a/H ratio (p < 0.01, Table 3 and Figure 3 ). These variables were also significantly higher in Subgroup B compared to the normotensive group (p < 0.01-0.001, Figure 3 ). In Subgroup A, the LVPW was significantly thinner than in the normotensive group (p < 0.05).
Vascular Resistance
The two subgroups did not differ significantly in renal vascular resistance and resistance at maximal dilation in the calf (Table 3) . In both subgroups, renal vascular resistance was significantly increased compared with the normotensive group (p < 0.001), while only Subgroup B differed significantly from the normotensive group in resistance at maximal dilation in the calf (p < 0.05, Figure 3 ).
Discussion
This study has revealed that a prolonged LV relaxation time, as estimated by the A,0 interval, is a common phenomenon in untreated essential hypertension, and that this prolongation can also be found in hypertensive subjects without an obvious increase in LV wall thickness on M mode echocardiography (Figure 4) .
The value of the A 2 O interval as an indicator of LV relaxation was pointed out in 1967 by Benchimol and Ellis." The O point does not coincide with the mitral valve opening but is almost always delayed in relation to it (Figure 2 ) , which contradicts the original suggestion 20 that the interval from the aortic component of the second heart sound to the nadir of the apex curve is identical with the isovolumic relaxation. LV relaxation may, however, continue past the isovolumic period into the diastolic filling period, 21 u and, in spite of the altered interpretation of its exact relationship to early diastolic events, the A 2 O interval thus continues to be an easily registered and useful measurement of LV relaxation time.
The two components of the A 2 O interval, that is, the interval from the second heart sound to the point of mitral valve opening (isovolumic relaxation) and the interval from the latter point to the O point of the apexcardiogram (early filling period), both tended to increase with increasing BP levels, although no significant differences in mean values between the normotensive and hypertensive subjects were recorded.
Mechanical relaxation of the heart is a complex process, as recently reviewed by Brutsaert et al. 23 The exact reason behind the prolonged LV relaxation time in subjects with essential hypertension is not yet clearly understood. Our data indicate that only in some hypertensive subjects could an increase in LV wall thickness above normal limits be of importance to the development of a prolonged LV relaxation time. Other factors that have been suggested 24 as being responsible for a delay in LV relaxation time are changed geometry, regional variations of wall thickness, interstitial fibrosis, loss of myocardial contractile elements, and loss of normal intracellular connections. Any of these factors might have been operating in the subjects, with no increase in LV wall thickness detected on the M mode recordings.
The question also arises as to whether an impairment in the active energy-dependent intracellular shifts of calcium ions, which are necessary for relaxation to occur, could be of importance for the prolongation recorded. As discussed by Nayler and Williams, cium-accumulating activity of the sarcoplasmic reticulum, or increased calcium influx from the extracellular space. Any of these mechanisms could well disturb the LV relaxation in the absence of an increase in LV wall thickness, as in many of the hypertensive subjects in this study. Signs of disturbed LV relaxation have also been reported 26 recently in borderline hypertensive subjects without LV hypertrophy.
The fact that the BP showed no significant correlation with the A 2 O-% in any of the hypertensive groups speaks against BP, as such, as a major determinant of LV relaxation time.
In the group with moderate to severe hypertension, but not in the borderline and mild hypertensive groups, a prolonged A 2 O interval was associated not only with a significant increase in LV wall thickness but also with signs of lowered LV distensibility, as estimated by a significant increase in the a/H ratio.
7 l3 " Furthermore, the subjects with a prolonged A 2 O interval in this group also had signs of vascular changes in the calf, which indicated that increased LV wall thickness and structural vascular changes in the periphery develop as parallel phenomena.
The marked difference in LV wall thickness between the two subgroups with moderate to severe hypertension may seem puzzling. The subgroup with a thin LV wall could represent an early stage of hypertension, but might also belong to a different entity of the hypertensive disease, similar to the group of patients previously described by Ibrahim et al. 27 The thin wall in end-diastole, also compared with the normotensive subjects, is explained by an increased diastolic prestretch of the LV in these men. Due to a forceful contraction and pronounced thickening of the wall during ejection, however, the wall thickness actually tended to be higher than in the normotensive group at the end of systole (data to be published).
In conclusion, a prolonged LV relaxation time may be an early indicator of cardiac involvement in middleaged hypertensive men. Diastolic disturbances of the LV can be diagnosed before an obvious increase in LV wall thickness can be detected on M mode echocardiography. This might suggest that impairment in active relaxation or other changes in the muscle cells or the connective tissue, not linked with an increase in LV wall thickness, can be characteristic of essential hypertension. Further studies are warranted in this field to find out, for example, if functional changes in calcium metabolism or structural changes in the myocardial architecture underlie the disturbed relaxation.
